The role of promoting vibrations in enzymic reactions involving hydrogen tunnelling is contentious. While models incorporating such promoting vibrations have successfully reproduced and explained experimental observations, it has also been argued that such vibrations are not part of the catalytic effect. In this study, we have employed combined quantum mechanical/molecular mechanical methods with molecular dynamics and potential energy surface calculations to investigate how enzyme and substrate motion affects the energy barrier to proton transfer for the rate-limiting H-transfer step in aromatic amine dehydrogenase (AADH) with tryptamine as substrate. In particular, the conformation of the iminoquinone adduct induced by AADH was found to be essential for a promoting vibration identified previously-this lowers significantly the 'effective' potential energy barrier, that is the barrier which remains to be surmounted following collective, thermally equilibrated motion attaining a quantum degenerate state of reactants and products. When the substrate adopts a conformation similar to that in the free iminoquinone, this barrier was found to increase markedly. This is consistent with AADH facilitating the H-transfer event by holding the substrate in a conformation that induces a promoting vibration.
INTRODUCTION

Role of dynamics in catalysis
Enzyme catalysis is inherently a dynamic process with the catalytic step involving atomic fluctuations along the reaction coordinate, which lead to bonds being broken and new ones formed. Proteins undergo a wide range of motions in terms of time (10 K15 to more than 1 s) and distance (10 K2 to greater than 10 Å) scales: sub-picosecond atomic vibrations, picoto nanosecond backbone and side chain motions, millisecond conformational rearrangements and slow 'breathing modes' of the order of seconds ( Yon et al. 1998; Henzler-Wildman & Kern 2007) . Any of these motions may be functionally significant and directly related to catalysis. Although we understand that enzymes (and more generally proteins) are dynamic molecules, the overriding picture that emerges from structural biology is a static one. Protein structures determined from X-ray crystallography and NMR spectroscopy have provided important insight into the form and function of enzymes, yet they give only brief snapshots into the life of a protein-very little is known about dynamic processes that trigger catalysis. Static protein structures show only the lowest energy or 'groundstate' conformation and the time averaged conformational ensemble, yet multiple protein conformations may exist in thermal equilibrium and function may depend on excursions to sparsely populated higher energy conformations of the enzyme and its substrates. Moreover, there is increasing recognition of the importance of non-equilibrated fast (sub-picosecond) dynamics in modifying the free energy barrier for a reaction (Caratzoulas et al. 2002; Knapp et al. 2002; Garcia-Viloca et al. 2003; Masgrau et al. 2006; Dybala-Defratyka et al. 2007; Hay et al. 2007; Johannissen et al. 2007) , which by definition influence the rate of an enzyme-catalysed reaction. There is poor understanding of structural change associated with this motion owing to the technical limitations of current structural biology methods (Wand 2001 ).
Computational studies of H-transfer
Computational studies provide essential atomistic insight into the mechanism of H-transfer . Despite recent advances, such simulations remain challenging owing to the importance of both electronic and nuclear quantum effects as well as the effects of protein motion. The incorporation of electronic quantum effects is required for the description of the breakage and formation of chemical bonds. Nuclear quantum effects, such as zero-point energy and hydrogen tunnelling, are also significant. However, over the past decade, with the enhancements in both computer power and theoretical approaches, computational simulations have become increasingly attractive in the study of hydrogen transfer reactions in enzymes. Agreement between experiment, computation and theory provides powerful evidence in support of environmentally coupled H-tunnelling (Hammes-Schiffer 2006; Kohen 2006; Sutcliffe & Scrutton 2006) . Computational simulations have indicated that in a number of enzyme systems H-transfer can occur by a mixture of 'over the barrier' and 'through the barrier' events Billeter et al. 2001; Cui & Karplus 2002; HammesSchiffer 2006; Pang et al. 2006; Pu et al. 2006 )-in only a few systems is transfer essentially a 'pure' tunnelling process (Masgrau et al. 2006; Pu et al. 2006; Tejero et al. 2006; Pang et al. 2008) , a so-called deep tunnelling reaction. Simulation has revealed a major role for dynamics in the H-transfer event, in terms of both (i) a collective, thermally equilibrated motion to attain a quantum degenerate state of reactants and products (Benkovic & Hammes-Schiffer 2003) , enhancing the probability of tunnelling by increasing the wave function overlap of the reactant and product states and (ii) a fast non-equilibrated 'promoting' motion that modifies the properties of the tunnelling barrier once the degenerate states have been reached (Caratzoulas et al. 2002; Masgrau et al. 2006) to further enhance the probability of tunnelling (if such an enhancement is required).
The existence of 'promoting motions' has been contentious (Ball 2004; Masgrau et al. 2006) . Indeed, it has been suggested that these vibrational modes may not contribute to the catalytic effect since vibrations that similarly reduce the tunnelling distance are also expected in solution-based reactions, that shortening of the protonacceptor distance decreases the degree of tunnelling (Olsson et al. 2006a ) and that electrostatic preorganization is the most important factor to enzyme catalysis (Warshel 1998; Olsson et al. 2006b; Liu & Warshel 2007a,b) . However, combined studies embracing experiment, simulation and numerical analysis have supported the existence of promoting motions in enzyme systems Johannissen et al. 2007 ).
Aromatic amine dehydrogenase
The enzyme aromatic amine dehydrogenase (AADH) catalyses the oxidative deamination of primary amines, which involves proton transfer from an iminoquinone intermediate to a catalytic base (Asp128b). We recently published a combined kinetic, crystallographic and computational study of this chemical step in the reaction of tryptamine with AADH. The kinetic data revealed an elevated KIE (approx. 55) with very weak temperature dependence (Johannissen et al. 2007) , which is strongly indicative of proton transfer by tunnelling. This was further supported by variational transition state theory calculations with multidimensional tunnelling corrections (MT-VTST), at least 99% of proton transfers occur by tunnelling through a distance of less than 0.6 Å (Masgrau et al. 2006 (Masgrau et al. , 2007 . These results also showed that, counter-intuitively, the preferred proton acceptor (thermodynamically and kinetically) is the Asp128b carboxyl oxygen, which is located furthest from the donor and transferring proton in the reactant structure. Significant rearrangements in the donor and acceptor atoms are required to achieve a tunnelling-ready configuration, namely a rotation of the donor carbon (C1) such that the transferring proton (H1) moves towards the acceptor (O2), coupled to a repositioning of O2 (see figure 1 for atom labels). The rotation of the donor group causes the secondary hydrogen on C1 to become more in-plane with the iminoquinone and the C1-H1 bond more perpendicular to it, thus making the sp 3 -hybridized donor carbon more sp 2 (product)-like. This partly explains why O2 is the preferred proton acceptor (Johannissen et al. 2007 ).
Molecular dynamics (MD) simulations revealed that the principal motion of the donor methylene group corresponds to this required rotation towards O2, and therefore would facilitate proton transfer (Masgrau et al. 2006) . Further analysis revealed that this motion is part of an approximately 165 cm K1 promoting vibration, in which the motions of C1, H1 and O2 are all coupled to the H-transfer coordinate (Johannissen et al. 2007) . This promoting vibration is inherent to the iminoquinone intermediate, and not part of a long-range network of coupled vibrations, which suggests that one role the enzyme plays in facilitating this particular tunnelling event is that of a scaffold holding the iminoquinone in position such that the vibration inherent to the donor methylene group aligns with the H-transfer coordinate.
In this study, we have employed combined quantum mechanical/molecular mechanical (QM/MM) calculations to investigate how the dynamics of the enzyme and iminoquinone intermediate affect the reaction profile for the proton transfer from said intermediate to Asp128b in AADH. Important insight was gained from comparisons of the potential energy surfaces (PESs) for the native AADH a 2 b 2 -heterotetramer to those for the isolated b-monomer (the tryptophan tryptophylquinone-containing subunit), which has been found to be catalytically active but with a proton transfer rate three orders of magnitude lower than the native a 2 b 2 -form (Hothi et al. 2008) . In particular, the structure of the active site was found to be essential for the promoting vibration, which lowers the effective potential energy barrier of the reaction.
METHODS
Combined QM/MM setup
All calculations reported in this study are combined QM/MM calculations, carried out at the AM1/CHA RMM22 level using CHARMM (Brooks et al. 1983) . The QM region comprises the iminoquinone and Asp128b side chain, linked to the rest of the enzyme by three HQ-type link atoms (Field et al. 1990 ) as described previously (Masgrau et al. 2006) . For the a 2 b 2 -heterotetramer, the starting structure was taken after 2 ns of MM MD simulation (Masgrau et al. 2006; Johannissen et al. 2007) , and that for the isolated b-monomer, for which there is no X-ray crystal or NMR structure available, taken after 5 ns of MM MD simulation of one b-monomer from the energy minimized a 2 b 2 -structure. The longer MD simulation for the monomer was required owing to a conformational change (see figure 1 and electronic supplementary material, figure S1), which occurs after approximately 3.5 ns.
QM/MM MD simulations
Each starting structure taken from the MM MD simulations was first QM/MM energy minimized. Thermalization was then carried out for 12 ps, followed by 220 ps of CPT dynamics, the first 20 ps of which was discarded as equilibration.
PES calculations
The one-dimensional PESs along the proton-transfer coordinate were calculated on structures sampled during the QM/MM MD simulations (snapshots). The reaction coordinate was defined as z Z dðO2KH1ÞKdðC1KH1Þ;
ð2:1Þ
where H1 is the proton being transferred; C1 is the donor (methylene) carbon; and O2 is the acceptor (carboxyl) oxygen (Masgrau et al. 2006) . For each snapshot, the QM region was first energy minimized with the value of z restrained and the positions of atoms in the MM region fixed. Energy minimizations were carried out at z intervals of 0.05 Å, using a harmonic restraint of 1000 kcal mol K1 Å K2 to fix z, for the range K2 Å%z%2 Å. These calculations also employed a harmonic restraint of 10 kcal mol K1 Å K2 on the MM region, as previously used in a study of human purine nucleoside phosphorylase , to ensure that structural changes in the protein scaffold that occur during the MD simulation are retained during the PES calculations.
RESULTS AND DISCUSSION
Structural differences between the
b-monomer and the a 2 b 2 -heterotetramer active sites
Although the isolated b-monomer contains a solventexposed active site, the indole ring of the iminoquinone adduct shields the reacting moieties themselves, iminoquinone and Asp128b carboxyl, from solvent exposure (figure 1). Therefore, the most intuitive explanation for the lower proton-transfer rate in the b-monomer would be that H1 and O2 are not held close enough apart for effective proton transfer to take place. However, a 200 ps QM/MM MD simulation of the solvated monomer (initiated after 5 ns of MM MD simulation) suggests that the opposite is in fact true; there is less fluctuation in the C1-H1-O2 distances, and d(O2-H1) lies much more frequently below 2 Å than in the a 2 b 2 -heterotetramer (electronic supplementary material, figure S2 ). This arises because, in the absence of the a-subunit, Phe169b and the indole ring undergo a conformational change (figure 1), with the indole arching over the quinone in a conformation more akin to that in an energy-minimized unrestrained iminoquinone analogue (electronic supplementary material, figure S3b ). This suggests that the presence of the a-subunit in the native enzyme forces the iminoquinone away from its energetically preferred conformation. This conformational change persists over time (electronic supplementary material, figure S4 ). The position of the indole in the b-monomer causes the C1-H1 bond to point more towards O2, which would at first glance appear to favour proton transfer. The significance for the transfer of H1 of this new distinct conformation of Phe169b is discussed in §3.4.
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PESs were calculated for 200 structures sampled at 1 ps intervals from a 200 ps QM/MM MD simulation. For the a 2 b 2 -heterotetramer, these were supplemented by the 11 structures with the lowest O2-H1 distances (which span the whole 200 ps range and are all at least 5 ps apart), since these shortest distances are statistically too insignificant to be selected by 1 ps sampling. For the purpose of analysing the PESs, the activation energy (E a ) was defined idiosyncratically as the energy difference between the reactant (i.e. the MD snapshot, energy minimized with the value of z restrained) and the top of the barrier; this probably does not correspond to the energy minimum on the reactant side, as illustrated in figure 2a . This idiosyncratic E a can also be thought of as the 'effective barrier height' at 300 K, that is, the potential energy that remains to be overcome subsequent to thermal fluctuations on the PES along the proton-transfer coordinate. This approach also enables the idiosyncratic E a to be evaluated as a function of the proton-acceptor distance, d(O2-H1), in both systems (figure 2b,c). For both systems, E a for the shortest d(O2-H1) is very similar, suggesting that the difference in rates may not be due to different electrostatic environments of the solventexposed active site. In both cases, there is an obvious correlation between E a and d(O2-H1), although E a rises much more sharply with d(O2-H1) for the b-monomer. For the a 2 b 2 -heterotetramer, E a follows a concave trend, the dependence of E a on d(O2-H1) becoming less with increasing d (O2-H1 ). An explanation for this becomes apparent by analysing individual PESs (figure 3). The reactants with the shortest d(O2-H1) lie part-way up the potential energy barrier (figure 3a), with z closer to zero than the minimum on the reactant side, which results in a reduction in the idiosyncratic E a relative to those structures with a similar minimum z that lie closer to the reactant minimum ( figure 3b) . Conversely, the reactants with the longest d(O2-H1) correspond to reactants that have a more negative z than the reactant minimum ( figure 3c,d ) . Moving along the PES away from the minimum towards a more negative z does not increase E a , so these reactants have a similar idiosyncratic E a to those with a lower d(O2-H1) that lie closer to the energy minimum. That the a 2 b 2 -heterotetramer reactant moves along the potential energy profile, both towards and away from the transition state, is further illustrated by comparing the difference in z -value between the reactant and energy minimum on the reactant side with d(O2-H1) (electronic supplementary material, figure S5 ).
For the b-monomer, on the other hand, the correlation between the idiosyncratic E a and d(O2-H1) is linear rather than concave. This is suggestive of less motion along the potential energy profile, further supported by comparing the difference in z -value between the reactant and energy minimum on the reactant side for both systems (electronic supplementary material, figure S5 ). E a is more heavily dependent on d(O2-H1) than for the a 2 b 2 -heterotetramer apparently because the system cannot as easily offset an increase in d(O2-H1) by moving along the barrier at a relatively low energetic cost.
The importance of the C1-H1 rotation for proton transfer
The structural changes that occur as the a 2 b 2 -heterotetramer system moves along the potential energy profile, rotation of C1-H1 accompanied by a repositioning of O2 (figure 4a), corresponds to the approximately 165 cm K1 promoting vibration identified previously (Johannissen et al. 2007) . This is perhaps not surprising, as a promoting vibration is defined as a motion along the reaction coordinate. That the C1-H1 rotation occurs with a 10 kcal mol K1 Å K2 force constant restraining the MM region, that is, the snapshot from the MD simulation can deviate significantly from the conformation at the energy minimum, supports the previously published conclusion that the approximately 165 cm K1 promoting vibration is not part of any large-scale vibrations within the enzyme (Johannissen et al. 2007) . If this C1-H1 rotation was the result of a 'push' by surrounding residues, then energy minimization of the system at more negative z -values would not be expected to result in a lower energy conformation. Instead, this motion probably arises from an inherent flexibility around the C1 methylene (Johannissen et al. 2007) . S228 AADH induces substrate promoting vibration L. O. Johannissen et al.
The importance of this rotation becomes apparent when comparing the a 2 b 2 -and b-reactant structures during typical proton-transfer PES calculations (figure 4). The tunnelling-ready configuration in the a 2 b 2 -heterotetramer, with d(O2-H1) approximately 1.6 Å, is achieved by the rotation of C1-H1 towards O2, with a concomitant repositioning of O2 (Masgrau et al. 2006) . It is probable that a C1-H1 rotation also occurs in the b-monomer (e.g. the DFT frequency calculation for the relaxed iminoquinone analogue shows a 174 cm K1 vibration; electronic supplementary material, figure S3 ), but the C1-H1 orientation corresponding to the minimum energy is similar to that in the tunnellingready configuration of the a 2 b 2 -heterotetramer, suggesting that this rotation would not bring H1 nearer O2. Instead, decreasing d(O2-H1), and thereby potentially achieving a tunnelling-ready configuration, would require stretching the C1-H1 bond. In other words, while the a 2 b 2 -heterotetramer uses the softer bending mode corresponding to the C1-H1 rotation to decrease the O2-H1 distance and achieve a tunnelling-ready configuration, the b-monomer probably employs the stiffer C1-H1 stretching mode.
Product stabilization in the
The a 2 b 2 -heterotetramer PESs are all exothermic, while the b-monomer PESs are endothermic or nearly isoenergetic (figure 5). The reason for this difference becomes apparent when comparing structural changes occurring as H1 is transferred from C1 to O2 along typical PESs (figure 6); note that, for the a 2 b 2 -heterotetramer, these structural changes are also observed in 50 reactive MD trajectories (Methods in the electronic supplementary material), initiated at z approximately 0 and propagated forwards and backwards in time to the reactant and product (electronic supplementary material, figure S5 ). The Thr172b Hg1-Asp128b O2 hydrogen bond is significantly shorter in the b-monomer reactant, which is consistent with the change in conformation of Phe169b which pushes against O2 in the a 2 b 2 -heterotetramer; in fact, the Phe169b-O2 distance becomes lower than the sum of carbon and oxygen van der Waals radii during the proton transfer in the a 2 b 2 -heterotetramer. The increased C1-O2 distance on the product side of the heterotetramer is accompanied by a breaking of the Thr172b Hg1-Asp128b O2 hydrogen bond, while in the b-monomer the increased C1-O2 distance on the product side is accompanied by a significant deviation from planarity of the linker region connecting the indole to the quinone ( figure 6 ). This is consistent with previous studies on the analogous enzyme methylamine dehydrogenase, which revealed that proximity of the Asp128b carboxyl to C1-H1 destabilizes the product (Nunez et al. 2006) and that the tunnelling reaction is facilitated by increased exothermicity (Nunez et al. 2006; Masgrau et al. 2007) . Thus, Phe169b in the a 2 b 2 -heterotetramer facilitates the breakage of the Thr172b-Asp128b hydrogen bond, allowing Asp128b to move further away from C1 and therefore stabilize the product.
Limitations of this study
Since there is no crystal or NMR structure available for the isolated b-monomer, any differences in this study between the a 2 b 2 -and b-forms of AADH are based AADH induces substrate promoting vibration L. O. Johannissen et al. S229 purely on the structural changes that have occurred in the b-monomer during the initial 5 ns of MM MD simulation (which employs the same starting structure as the a 2 b 2 -heterotetramer). Thus, we cannot confirm that these are identical to the structural differences between the two forms of AADH in solution, and therefore whether the results of this study unequivocally explain the experimental data. Nevertheless, important insight has been gained from the probable effect of these structural changes on proton transfer, and by implication the important role of the native structure of AADH.
The QM/MM potential energy calculations are carried out using AM1. It is well known that this semi-empirical method overestimates the barrier height relative to ab initio and density functional calculations (Nunez et al. 2006) . However, the purpose of this study is not to produce a quantitative description of the barrier or to reproduce experimental data, but rather to analyse trends in the barriers based on the configuration of the reactant (i.e. the MD snapshot).
A more complete study would require potential of mean force calculations incorporating zero-point energy, excited state and tunnelling contributions using, for example, EA-VTST/MT calculations (Truhlar et al. 1985 (Truhlar et al. , 2004 Alhambra et al. 2001; Gao & Truhlar 2002) , an empirical valence bond-based approach (Agarwal et al. 2002a,b; Wong et al. 2004 ) and emerging methods (Jezierska et al. 2007 ).
CONCLUSIONS
Key active site features for efficient proton transfer in the rate-limiting step of the oxidative deamination of tryptamine catalysed by AADH have been identified through a QM/MM study. Potential energy barriers for a large sample of reactant structures revealed that a previously identified vibration of the donor methylene group pushes the system along the potential energy profile, thus reducing the effective barrier height and acting as a promoting vibration. This vibration drastically reduces the rate of increase in barrier height with transfer distance in the a 2 b 2 -heterotetramer relative to the b-monomer. A specific residue, Phe169b, was found to be essential for product stabilizationa conformational change in this residue in the b-monomer causes the potential energy barriers to go from exothermic to endothermic. Both of these results are qualitatively consistent with the experimentally observed decrease in rate in the b-monomer. This study treats the proton transfer classically, so no direct conclusions can be drawn on the effect of the promoting vibration on the proportion of proton transfers that occur via quantum tunnelling-this vibration lowers the activation energy and will therefore enhance the rate of both over the barrier and tunnelling transfers. Nevertheless, since it has previously been determined that more than 99% of proton transfers in a 2 b 2 -heterotetrameric AADH: tryptamine occur by tunnelling, this vibration will increase the rate at which tunnelling occurs. In a 2 b 2 -heterotetrameric AADH: tryptamine, the iminoquinone is held in a conformation which aligns the main vibration of the donor methylene group with the H-transfer coordinate, allowing thermal fluctuations to bring the system part-way up the potential energy barrier separating the reactant from the product and thus facilitating the reaction. (a) (b) Figure 4 . Structural changes occurring during proton transfer in (a) the a 2 b 2 -heterotetramer and (b) the b-monomer. In both panels, the minimum energy reactant structure is shown with green carbon atoms; the a 2 b 2 -heterotetramer structure after the maximum degree of C1-H1 rotation is shown with yellow carbon atoms in (a), and the b-monomer structure with the corresponding decrease in O2-H1 distance (1.1 Å) is shown with yellow carbon atoms in (b) (see also figure 6 ).
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